Molecular markers revealed that Botryotinia jiickeliana (the teleomorph of Botrytis cinerea), a haploid, filamentous, heterothallic ascomycete, contained a large amount of intrapopulation genetic variation. The markers were used to determine the mode of reproduction and the population structure of this fungus. We did not detect any differentiation between isolates from different organs, collection dates, varieties of grape, or locations in the Champagne region of France, but two unexpected sympatric populations were identified. One group of isolates (transposa) contained the transposable elements Boty and Flipper; the other (vacuma) did not. These groups differed from one another for all the other markers. RFLP markers showed that there was genetic recombination in both groups of isolates.
Introduction
Unlike most plants and animals, the vast majority of eukaryotic microorganisms can reproduce both sexually and asexually. This, together with their small size, can make it very difficult to determine the relative importance of sexual reproduction under natural conditions by direct observation alone. The production of a sexual form in the laboratory is not proof of its occurrence in the field (Baker 1989) , and the lack of observation of a sexual stage in nature does not prove it is absent (Burt et al. 1996) , but the relative contributions of each of these modes of reproduction affect the genetic structure of populations (Brown and Wolfe 1990; Milgroom, Lipari, and Powell 1992) . Populations that undergo sexual reproduction are often more genetically diverse than those which reproduce asexually (Burdon and Roelfs 1985; Goodwin et al. 1992) , as recombination creates new genotypes. Hence, Tibayrenc et al. (1991) argued that the mode of reproduction of microorganisms in natural conditions can only be determined by population genetics. The multilocus structure can be used to make inferences about the role of recombination (for a review of population genetics in plant pathogenic fungi, see McDonald and McDermott 1993) . The notion of species is also a problem with eukaryotic microorganisms.
The most common definition is genetic isolation (Mayr 1942) . However, direct measurements can be misleading and are often impossible. Thus, population genetics is also required to estimate gene flow (Slatkin 1987) and to determine whether a population of microorganisms is genetically isolated from another (two species) and whether there is restricted gene flow (population subdivision) or current migration.
Botryotinia fuckeliana is a haploid, filamentous, heterothallic ascomycete. It attacks a wide range of plant species in temperate regions (at least 235 hosts; Mac-Farlane 1968) and causes gray mold on many economically important crops, such as vegetables, ornamentals, bulbs, fruits, and particularly, grapes. This species has great genetic diversity (Van der Vlugt-Bergmans et al. 1993; Diolez et al. 1994 ) and morphological variability (Grindle 1979; Di Lenna, Marciano, and Magro 198 1; Lorenz and Eichhorn 1983; Leone 1990; Movahedi and Heale 1990) . This is thought to be due to heterokaryosis and aneuploidy (e.g., Lorenz and Eichhorn 1983; Van der Vlugt-Bergmans et al. 1993 ). Sexual reproduction is not regarded as the cause of genetic diversity in the fungus, because although this fungus is linked to apothecial ascomycetes, its sexual organs are rarely observed in the field. It is possible that sexual reproduction does not occur in natural conditions, as even closely related apothecial fungi, such as Sclerotinia, have clonal population structures. However, the potential for sexual reproduction is retained, as all isolates are able reproduce sexually in the laboratory. It is thought that B. fuckeliana is not specialized, because strains of this fungus can infect many hosts in the laboratory. However, there may still be specialization, and therefore distinct populations, in the field. Recombination and population subdivision both increase genetic diversity (Hart1 and Clark 1989) and could thus account for the huge genetic diversity of B. fuckeliana.
We used 16 markers to test for clonal population structure, recombinant genotypes, and genie differentiation. The markers were of three types: (1) presence of the transposable elements Boty and Flipper, (2) sensitivity to fungicides, and (3) amplification fragment length polymorphism and restriction fragment length polymorphism (RFLP) markers.
Materials and Methods
Isolates and sampling A total of 356 field isolates of B. fuckeliana were collected from grapes (Vitis vinifera) growing at four locations in Champagne (Trepail, Bar-sur-Seine, Boursault, and Plumecoq). The isolates were collected from three varieties of grape (Chardonnay, Pinot Noir, and Pinot Meunier) and three organs (berry, leaf, and stem). Two hundred fifty-nine of the 356 isolates were collect- ed from separate lesions, sometimes on the same plant. The remaining 97 isolates were separate isolations from the same berries: we collected several spores from each of 11 berries. Isolates were collected between June and October in 1994 and 1995. The isolates were purified by monospore isolation and preserved in paraffin oil at 16°C. The fungi were cultured on plates containing 20 ml of NY medium (20g/liter malt, 20g/liter agar, 2g/liter yeast extract) from an inoculum of lcm2 at 25°C.
Sensitivity to Fungicides
Conidia were collected in sterile water from 2-weekold agar slant cultures. The resulting spore suspension (2. lo5 conidia per ml) was used to inoculate a glucoseagar medium containing fungicides (Leroux and Clerjeau 1985) . The discriminatory concentrations were: 1 and 10 mg/liter carbendazim, 10 mg/liter diethofencarb, 5 mg/liter vinclozolin and 0.01 mg/liter fenpropimorph.
DNA Extraction
The mycelium was cultured as described by Diolez et al. (1994) . Genomic DNA was isolated by the method of Moller et al. ( 1992) .
RFLPs and Amplification
Length Polymorphism
The primers used in PCR assays were obtained from Eurogentec.
They are given in table 1. Amplification reactions were performed in a total volume of 50 ~1 containing 50 ng fungal DNA, 135 ng of a single primer, 100 ~_LM dNTPs, and 0.5 U Red Goldstar polymerase in the prescribed buffer. The PCR assay used 30 cycles of 1 min at 95"C, 1 min at 6O"C, and 2 min 30 s at 72°C. The reactions were performed in a Biomed Thermal Cycler. The IGS was digested by six enzymes (Ava I, Rsa I, BamHI, HindIII, Hae III, and Hin61), the ADP/ATP translocase was digested by EcoRI, and the nitrate reductase was digested by two enzymes (Rsa I and HincII). The restriction length polymorphism of the ATP synthase was apparent when cut with BamHI. The DNA fragments were then separated by electrophoresis in 1.5% agarose gels.
Dot Blots (Detection of Boty and Flipper)
Boty is a 6-kb gypsy-like retrotransposon (Diolez et al. 1994 ; accession numbers X81790 and X81791).
Flipper is a 1,842-bp class II element (Levis, Fortini, and Brygoo 1997 ; accession number U74294). Both were isolated from B. fuckeliana.
DNA (1 Fg) was spotted onto a Hybond-N (Amersham) nylon membrane, denatured in 0.5 M NaOH and 1.5 M NaCl for 5 min; neutralized in 0.5 M Tris HCl, 1.5 M NaCl, and 1 mM EDTA for 5 min; and prehybridized in 5 X SSC, 5 X Denhardt's solution, and 0.5% SDS for 1 h at 65°C. Hybridization was performed in the same buffer by adding the Flipper or Boty probe overnight at 65°C. Probes were 32P-labeled using a T7QuickPrime Kit (Pharmacia Biotech). The membrane was then washed twice in 2 X SSC and 0.1% SDS and then twice in 0.2 X SSC and 0.1% SDS, both at 65°C for 20 min.
Southern Blots DNA (10 pg) was digested with 50 U EcoRI overnight at 37°C. The resulting sample was subjected to electrophoresis in a 0.6% agarose gel at 40 V in 1 X TAE running buffer for 16 h. The DNA was transferred to Hybond-N (Amersham) nylon membrane, washed twice in 0.125 M HCl for 4 min, denatured in 0.5 M NaOH and 1.5 M NaCl for 20 min, and neutralized twice in 0.5 M Tris HCl, 1.5 M NaCl, and 1 mM EDTA for 4 min. Hybridization and washing conditions were the same as for dot blots. The probes used were Flipper or pTel13, a telomeric probe cloned from B. fuckeliana by Levis (unpublished data) . This sequence contains eight telomeric repeats (TTAGGG), and 159 bp of the B. fuckeliana telomere-associated DNA region.
Measure of Spore Length, Breadth, and Area Conidia were collected in sterile water from 2-weekold agar slant cultures. The resulting spore suspension was spread on a slide. A Sony CCD camera connected to a microscope and a computer was used to capture pictures of spores. Spore lengths were calculated using Optimas Bioscan, software distributed by Imasys, with the VisionPlus acquisition card from Imaging Technology.
Data Analysis
Allelic frequencies, genie differentiation and linkage disequilibria were calculated using the GENEPOP program (Raymond 1995) . The null hypothesis to test for gametic linkage disequilibrium was H,: "genotypes at one locus are independent from genotypes at the other locus." The null hypothesis tested for genie differentiation was H,: "the allelic distribution is independent across populations." GENEPOP performs probability tests or Fisher's exact tests using a Markov chain. The gene diversity (hs) at each locus in each population was calculated by the method of Nei (1973) : hs = 1 -zpi2, in which pi is the frequency of the ith allele. The mean gene diversity was the mean of hs over loci in each population.
The analysis of multiple correspondence was performed by using the STATBOX@ software from Microsoft Excel.
Results and Discussion

Genetic Diversity
The 259 isolates from different lesions were scored for the 16 markers listed in table 2. Isolates were first scored for RFLPs by amplifying three coding sequences (nitrate reductase, ATP synthase, and ADP/ATP translocase) and a noncoding repeated sequence (IGS, nontranscribed ribosomal intergenic spacer). These sequences were then digested with restriction enzymes (fig. 1) . The polymorphism may be due to point mutations, except for ATP synthase, in which it is due to the presence of a minisatellite in the intron (unpublished data). The 259 isolates were also tested for their resistance to four fungicides (vinclozolin, carbendazim, diethofencarb, and fenpropimorph).
Tests of resistance to anti-microtubule fungicides (benomyl, carbendazim, and diethofencarb) distinguished three phenotypes: Sb (sensitive to carbendazim and resistant to diethofencarb), Rbl (resistant to carbendazim and sensitive to diethofencarb), and Rb2 (resistant to both carbendazim and diethofencarb). Carbendazim-resistant strains differ from sensitive ones by two pairs of mutations in the beta-tubulin gene (Yarden 
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a The P value indicates the probability that the difference in allelic frequency between the vacuma and transposa isolates occurred only by chance. from a single berry, although one haplotype was often more frequent than the others. This suggests that a lesion results from coinfection by different haplotypes.
The Existence of Two Differentiated Groups of Isolates
The molecular markers show extensive intrapopulation genetic variation in B. fuckeliana, which is inconsistent with exclusive clonal reproduction, especially as there was strong selection by fungicides, which should have limited the number of haplotypes.
However, the transposable elements, Boty and Flipper, were present in only 75 % of isolates. As transposable elements replicate themselves autonomously, they usually invade every sexual population into which they are introduced.
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There were only two types of isolates: one containing Flipper and Boty (transposa isolates), and the other lacking them (vacuma isolates). This pattern could be due to there being a genetic boundary, so that transposable elements could invade one subpopulation (transposa) but not the other (vacuma). We tested this possibility by analyzing the differences in allelic frequencies of the transposa and vacuma isolates (tables 2 and 3). If two populations do not exchange genetic material for a long period of time, their allelic frequencies become different. Some alleles appear or disappear in one population because of selection or genetic drift, creating private alleles (alleles that are unique to a population). The genie differentiation between transposa and vacuma is highly significant for 10 of the 14 markers, suggesting that the two groups are indeed genetically isolated. Four private alleles (table 2) were found, three of which were in vacuma isolates. The scarcity of private alleles may indicate that the process of differentiation is just beginning, having led to allele frequency differences but not to allele fixation or newly arising alleles.
An analysis of multiple correspondence (AMCZ was performed ( fig. 2) to represent to what extent the 14 markers (all the molecular markers except Boty and Flipper) distinguish the transposa and vacuma groups This analysis resembles principle component analysis and reduces the number of dimensions with a minimunloss of information (Greenacre 1984) . Both major axe: distinguish the groups, although there is a clearer separation with the Y axis: transposa isolates are plottec more often toward the top, whereas vacuma isolates arc plotted more often at the bottom. The overlapping of the two groups is consistent with a relatively recent differ. 
Number of times isolated
etc. in samnation events, but the clonal structure is not apparent by fingerprint because of efficient recombination events. Only 30% of the loci in disequilibrium in 1994 were still in disequilibrium in 1995 in both groups. A total absence of genetic recombination would have conserved these associations over time. The conditions under which apothecia (sexual forms) are produced in the laboratory (Faretra and Antonacci 1987; Faretra, Antonacci, and Pollastro 1988) indicate that they should only occur during spring in the field. There would still be many asexual generations bination events.
between two meiotic recomThe haplotype abundance curves of both groups ( fig. 5) show that most of the haplotypes were isolated only once and very few haplotypes were isolated frequently, whereas the converse would be expected for an asexual population.
Nei's mean gene diversity index, which measures the number of alleles and their s evenness, was greater than values typical for asexual populations (e.g., Roelfs and Groth 1980) : hs = 0.3 16 for vacuma, and hs = 0.224 for transposa.
If clonal reproduction were the sole mode of reproduction, it would require too many convergent mutations to account for all the combinations of alleles observed. One mutation is required for each new haplotype, and an allele present in 10 different haplotypes should have appeared independently 10 times. Genetic recombination can produce all the haplotypes when the alleles are present, so it only requires one mutation per new allele and no convergence ( is a very complex process, so it would be surprising if the potential for sexual reproduction were maintained in all isolates without selection pressure. Determination of the mating type allele (Mat-l-l or Mat-l-2) of field isolates in Italy (Glass et al. 1988) , New Zealand (Beever and Parkes 1993) , and nine other countries (Faretra and Pollastro 1993) have shown that the mating types are distributed in equal frequencies in populations from the same areas. Only sexual reproduction could exert the selection pressure required to keep this ratio at unity and prevent genetic drift (half of the descendants of every sexual cross are Mat-1-1 and half are Mat-l-2).
Hence, it is very likely that sexual reproduction occurs in the field, although parasexuality cannot be excluded.
Speciation and Specialization of B. fuckeliana
We demonstrated a restricted gene flow between the two groups of isolates, each of which undergoes genetic recombination.
The isolates of these groups are present at the same sites and on the same grapes. Thus, there are two sympatric species of B. fuckeliana in Champagne.
The fact that these two sibling species of B. fuckeliana are sympatric raises several questions. If two different but similar species live in the same location and use the same resources, competition between them is strong and one species disappears. The percentages of vacuma isolates on different cultivars and in different locations were not significantly different, showing a lack of adaptation to a particular cultivar or to a particular location. Almost all the subdivisions of vacuma by location, time, or cultivar were significant. This, the narrower spore length distribution, the lower number of private alleles, the more diverse patterns in Southern blots (unpublished data), the higher percentage of pairs in linkage desequilibrium (through the Whalund effect; Hart1 and Clark 1989), and the lower mean gene diversity indicate that transposa is more stable and uniform than vacuma. ly on leaves, whereas the trunsposa species grows mostly on berries. It is possible that trunsposa is a local, homogeneous species, more adapted to grapes in Champagne, and vucumu is a mixture of different migrant populations. Isolates of vucumu collected from leaves in June could have migrated from many other locations and/or hosts and would have been selected against during infection of grapes. The local trunsposu species would be more adapted and would therefore have a higher frequency on grapes.
The second question is the cause of the speciation. Rose and Doolittle (1983) suggested that transposable elements may themselves cause speciation. They suggested three possible mechanisms:
hybrid infertility due to transposition, hybrid infertility due to mispairing between chromosomes of divergent repetitive DNA composition, and resetting of coordinated gene regulation due to changes in repetitive DNAs. These mechanisms could explain this speciation.
Alternatively, Boty and Flipper may have arisen after speciation only in trunsposu and been restricted to invading strains of this species.
In conclusion, analysis of the distribution of Boty and Flipper shows that there are two sympatric species of B. fuckeliunu. Transposable elements are powerful tools for studying population structure by methods such as fingerprinting to identify clonal lineages (Levy et al. 1991) . This is the first time that transposable elements have been used to detect an unexpected subdivision. This approach is easy to perform and successful. It could be widely used when there are no a priori criteria for a subdivision, or no relevant criteria, as was the case in this study. We have not tested for reproductive incompatibility between the strains definable by the presence or absence of the transposable elements; testing the hypothesis of such a barrier to gene flow is a task for the future.
